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ABSTRACT High-risk human papillomaviruses (HPVs) link their life cycle to epithelial
differentiation and require activation of DNA damage pathways for efficient replica-
tion. HPVs modulate the expression of cellular transcription factors, as well as cellular
microRNAs (miRNAs) to control these activities. One miRNA that has been reported to
be repressed in HPV-positive cancers of the cervix and oropharynx is miR-424. Our stud-
ies show that miR-424 levels are suppressed in cell lines that stably maintain HPV 31 or
16 episomes, as well as cervical cancer lines that contain integrated genomes such as
SiHa. Introduction of expression vectors for miR-424 reduced both the levels of HPV ge-
nomes in undifferentiated cells and amplification upon differentiation. Our studies show
that the levels of two putative targets of miR-424 that function in DNA damage repair,
CHK1 and Wee1, are suppressed in HPV-positive cells, providing an explanation for why
this microRNA is targeted in HPV-positive cells.

IMPORTANCE We describe here for the first time a critical role for miR-424 in the
regulation of HPV replication. HPV E6 and E7 proteins suppress the levels of miR-
424, and this is important for controlling the levels of CHK1, which plays a central
role in viral replication.
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Human papillomaviruses (HPVs) are the causative agents of cervical and other
anogenital cancers (1). HPVs are classified as either high-risk types (such as HPV16,

-18, -31, and -35), which are associated with the development of cancers of the
anogenital tract and oropharynx or low-risk groups (such as HPV6 and HPV11) that are
infrequently detected in malignancies. HPV virions infect cells in the basal layer of
stratified epithelia to establish persistent infections. In infected basal cell cells, genomes
are maintained as low-copy episomes that replicate in synchrony with cellular chro-
mosomes. Productive viral replication or amplification, however, occurs only upon
epithelial differentiation in suprabasal layers (2, 3). High-risk HPVs encode two major
oncoproteins, E6 and E7, that play critical roles in cell transformation and provide
important regulatory functions during the differentiation-dependent life cycle. One
major target of E6 is the E3 ligase E6-associated protein E6AP, which forms trimeric
complexes with p53, resulting in its rapid turnover (4–6). Similarly, E7 binds and induces
the degradation of pRb, which results in the constitutive activation of E2F family
members, leading to altered cell cycle control and differentiation (7, 8). Additional
important targets of these viral proteins include the ataxia telangiectasia-mutated
(ATM) and the ATM and Rad3-related (ATR) DNA repair pathways that play critical roles
in HPV replication (9, 10). E6 and E7 regulate these pathways by altering the expression
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and/or activities of transcription factors, posttranslational modifying enzymes, and
microRNAs (miRNAs) (11–13).

MicroRNAs are small, noncoding RNAs that can bind to sequences in the 3=
untranslated regions (3= UTRs) of mRNAs to inhibit translation or to induce mRNA
degradation (14). More than 1,000 human miRNAs have been identified, and these play
roles in regulating development and differentiation of a variety of tissues, including the
epithelia. Many viruses, such as herpesviruses (15) and retroviruses, encode their own
miRNAs (16). In contrast, HPVs do not encode their own miRNAs (17) but instead
manipulate the expression of host miRNAs to regulate their viral life cycle (18, 19).

The expression of a number of cellular miRNAs is altered through the action of the
HPV E6 and E7 proteins. For instance, miR-203 levels are decreased by both E6 and E7
in differentiating HPV-positive epithelial cells (18, 20), resulting in the retention of high
levels of p63 that are critical for maintaining cells active in the cell cycle and for efficient
viral genome amplification (19). HPV proteins also reduce the expression of miR-145,
which regulates the levels of the cellular transcription factor KLF-4, that in turn
regulates cell cycle progression in differentiating cells (21). In addition, miR-145 directly
targets elements in the E1 and E2 ORFS to control genome amplification. A number of
studies have examined miRNA expression in HPV-positive cell lines (18, 20, 22–24);
however, there is significant variability in the spectrum of miRNAs reported to be
altered, and this is likely the result of multiple miRNAs targeting the same cellular
factors or pathways. In both cervical cancers and HPV-positive oropharyngeal cancers
the levels of miR-424 are decreased, and this may be important for progression to
malignancy (23, 25). One potential target of miR-424 is the kinase CHK1 (26), which is
an important downstream effector of the ataxia telangiectasia and Rad3-related protein
(ATR) DNA damage response. Since previous studies identified an important role for the
ATR pathway in HPV pathogenesis, we investigated what role, if any, miR-424 has in the
viral life cycle.

RESULTS

To investigate what role miR-424 might play in the HPV life cycle, we first examined
the levels in human foreskin keratinocytes (HFKs) in comparison to matched HFKs that
stably maintain HPV31 or HPV16 episomes. Since it was important to determine
whether the effects varied during the various phases of the viral life cycle, both
undifferentiated monolayer cultures and cells induced to differentiate using high-
calcium media were examined for miR-424 expression. Reverse transcription-PCR (RT-
PCR) analysis showed that cells that stably maintain complete HPV genomes have
decreased levels of miR-424 compared to matched HFKs (Fig. 1A). Upon differentiation,
the levels of miR-424 were observed to increase in normal keratinocytes. Although the
levels of miR-424 also increased in HPV31-positive cells after differentiation, these were
still substantially reduced from the levels seen in HFKs (Fig. 1B). Figure 1C shows that
both HFKs and HPV-positive keratinocytes differentiate to comparable levels in high-
calcium media, using loricrin and involucrin as differentiation markers (Fig. 1C). We
have previously shown that upon differentiation most HPV-positive and -negative cells
express markers of differentiation (9, 27) and that these are only modestly delayed in
HPV-positive cells (9). A similar decrease of �5-fold in miR-424 levels is also seen in
monolayer culture of CIN612 cells, a cell line isolated from a low-grade cervical biopsy
specimen that stably maintains HPV31 episomes (Fig. 1D). Importantly, a 5-fold reduc-
tion in the levels of miR-424 was seen in organotypic raft cultures of in HPV31-positive
cells compared to HFK rafts (28). We consistently find similar effects on the HPV life
cycle in organotypic rafts as we do following calcium-induced differentiation (9, 29). In
addition, several clinical studies have shown the low expression of miR-424 in cervical
cancer tissues or high-grade cervical intraepithelial neoplasia (23, 25).

We next investigated whether E6 or E7 is responsible for the suppression of miR-424.
For this analysis, HFKs were transduced with retroviruses expressing HPV31 E6, HPV31
E7, or HPV31 E6/E7, as well as the LXSN vector control. Interestingly, miR-424 levels
were decreased in either E6- or E7-expressing cells by about 5- to 7-fold compared to
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those seen in LXSN-expressing HFKs. Furthermore, a reduction in miR-424 levels of
�10-fold was seen in cells expressing both E6 and E7. This indicates that the most
efficient reductions were seen when both viral oncoproteins are expressed (Fig. 1E).
Figure 1F shows comparable levels of E7 expression in E6/E7 cells and HFKs stably
expressing the HPV31 genome. Similar levels of E7 transcripts are also seen in HFKs that
maintain HPV16 genomes and those expressing only HPV16 E6/E7.

Since the miR-424 levels are decreased in HPV16- and HPV31-positive cells, we next
tested whether suppression of miR-424 is required either for the maintenance of HPV
genomes in undifferentiated cells or for genome amplification upon differentiation. For
this analysis, we infected HPV31-positive CIN612 cells with lentiviruses expressing
miR-424 and screened for effects on stable maintenance and on amplification. The

FIG 1 The expression of miR-424 is decreased in HPV-positive cells. (A) RT-PCR analysis of miR-424 in
undifferentiated HFKs and HPV16- and HPV31-positive cells. (B) RT-PCR analysis of miR-424 in undiffer-
entiated and differentiated HFKs or HPV31-positive cells. Differentiation was induced by addition of high
calcium media for 96 h. (C) Western blot analysis of loricrin, involucrin, and GAPDH proteins in HFKs and
HPV31-positive cells upon differentiation. (D) RT-PCR analysis of miR-424 in HFKs versus HPV31-positive
or CIN612 cells. (E) RT-PCR analysis of miR-424 in HFKs expressing LXSN, 31E6, 31E7, and 31E6/E7. (F)
RT-PCR analysis of E7 in HFKs expressing HPV31 E6/E7, and HPV31 genomes. The results were normalized
to GAPDH. All results are representative of observations from three independent experiments. *, P � 0.05.
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levels of miR-424 were increased by �10-fold in CIN612 cells stably expressing miR-424,
as indicated by RT-PCR analysis (Fig. 2A). The miR-424-overexpressing cells were also
induced to differentiate in high-calcium media for 72 h. Total DNA was harvested at 0
and 72 h for Southern analysis to screen for the effects on HPV genome amplification.

FIG 2 Overexpression of miR-424 suppresses HPV genome amplification upon keratinocyte differentia-
tion. HPV31-positive CIN612 cells stably expressing a scrambled vector control or miR-424 were incu-
bated for 72 h of differentiation in high-calcium media. (A) RT-PCR analysis of miR-424 in miR-424-
overexpressed CIN612 cells grown in an undifferentiated monolayer culture. (B) Southern blot analysis of
HPV31 episomes in CIN612 cells stably expressing miR-424 with differentiation in high-calcium media for
the indicated times (in hours). (C) The levels of HPV episome shown in Fig. 2B were quantified using the
ImageJ software and are presented graphically. (D) The growth rate of miR424-expressing cells was
compared to the one of vector control cells. All results are representative of observations from two or
more independent experiments.
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Previous studies have shown that viral genome amplification increases steadily 48 h
after a calcium switch (9, 29). Figure 2B shows that the CIN612 cells infected with
miR-424 lentiviral vectors exhibit reduced levels of viral episomes in undifferentiated
cells compared to cells infected with control lentiviruses. Furthermore, although the
control cells amplified HPV31 episomes within 72 h of differentiation, miR-424-
expressing CIN612 cells exhibited an impaired ability to amplify HPV31 episomes upon
differentiation. The levels of HPV episome forms were quantified using ImageJ software
(Fig. 2C). Our analysis indicates that reduced levels of miR-424 are important for
efficient HPV genome amplification. To eliminate the possibility that loss of HPV
episomes in miR-424-expressing cells in undifferentiated cells is due to cellular senes-
cence, we examined the growth rates of miR-424-expressing cells and compared the
findings to the control cells. Figure 2D indicates that there is no significant growth
difference between the two sets of cells. We conclude that the levels of miR-424 do not
correlate with altered rates of cellular growth. The levels of involucrin in control and
miR-424-overexpressing cells were examined by Western analysis and found to be
comparable (Fig. 3E).

To investigate the mechanism by which miR-424 regulates HPV genome amplifica-
tion, we tested whether miR-424 acts on the ATR DNA damage pathway to modulate
HPV life cycle. One putative target of miR-424 is CHK1, a serine/threonine protein kinase
that coordinates the ATR DNA damage response and regulates cell cycle check point
arrest. Our previous studies using a general inhibitor suggested CHK1 activation was
critical for both genome maintenance and amplification (10). We first observed that
CHK1 levels and activation are increased in HPV16- and HPV31-positive cells compared
to HFKs by Western blot analysis (Fig. 3A), findings consistent with our previous study
(10). We next wanted to use a more specific and less toxic inhibitor than the one
previously used to confirm the effect of CHK1 on HPV replication. For this analysis,
CIN612 cells were induced to differentiation in high-calcium media in the presence or
absence of the CHK1 phosphorylation-specific inhibitor AZD7762. Treatment of CIN612
cells with AZD7762 led to a reduction of phosphorylated CHK1 levels within 48 h.
Interestingly, we also observed that the total levels of CHK1 were dampened at late
times of differentiation (96 h; Fig. 3B); this may be due to reduced numbers of
amplifying cells at the very late stages of differentiation. Total DNA was also extracted
from the differentiated cells with or without AZD7762 treatment and examined for HPV
episomes by Southern blotting. Our data confirmed that inhibition of CHK1 suppresses
HPV genome amplification and indicates that CHK1 is an important regulator of viral
replication (Fig. 3C).

The studies described above indicate that the total levels of CHK1 proteins are
increased in HPV-positive cells compared to normal cells, and we next wanted to
demonstrate that the suppression of miR-424 was responsible for this increase. To
confirm that high levels of miR-424 leads to suppression of CHK1 levels, we first
examined the total levels of CHK1 and p-CHK1 in cells transduced with miR-424
lentiviral expression vectors. As seen in Fig. 3D, HPV31-positive cells were infected with
miR-424 lentiviruses and selected to generate a stable cell line. The CIN612 cells stably
expressing miR-424 exhibited reduced levels of both total CHK1 and p-CHK1. We also
examined another miR-424 target, Wee1 (26, 30), which controls the G2 checkpoint, and
found that increased expression of miR-424 similarly reduced Wee1 levels (Fig. 3E). The
levels of Wee1 modestly increases upon 72 h of calcium differentiation in both vector
control cells and miR424-expressing HPV31-positive cells; however, the presence of
miR424 results in a lower level of Wee1 expression in miR424-expressing cells than in
vector control cells.

It was next important to demonstrate that suppression of CHK1 levels occurred
through miR-424 seed sequences located in the 3= UTR of CHK1. For this analysis, a
luciferase reporter was first constructed that contained sequences encompassing the
putative miR-424-binding sites cloned into the 3= region of the pmiRGLO dual-
luciferase reporter vector. CIN612 cells were then transduced with the lentivirus ex-
pression vectors encoding miR-424, and stable cell lines were selected. The CHK1 3=
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FIG 3 CHK1 is a miR-424 downstream target and is necessary for HPV31 genome amplification. (A)
Western blot analysis of p-CHK1, CHK1, and GAPDH proteins in HFKs and in HPV16- and HPV31-positive
cells. (B) Western blot analysis of p-CHK1, CHK1, involucrin, and GAPDH proteins in CIN612 cells in the
presence or absence of AZD7762 (1 �M) after differentiation in high-calcium media for the indicated
times. (C) Southern blot analysis for HPV31 episomes in CIN612 cells after AZD7762 treatment and
differentiation in high-calcium media for the indicated times (in hours). (D) Western blot analysis of
p-CHK1, CHK1, and GAPDH proteins in CIN612 cells stably expressing either vector alone or miR-424. (E)
Western blot analysis of Wee1, involucrin, and GAPDH proteins in undifferentiated or differentiated
(“mono” versus “diff”) CIN612 cells stably expressing either vector alone or miR-424. (F) The luciferase
reporter vector containing wild-type CHK1 3= UTR was transfected into CIN612 cells stably expressing

(Continued on next page)
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UTR reporter was transfected into miR-424-transduced cells, and the reporter activity
was examined by luciferase reporter assay in comparison to the activity seen in the
control transduced cells. We observed a significant decrease in the activities of the
luciferase reporter containing CHK1 3= UTR in cells expressing miR-424 (Fig. 3F). No such
decrease was observed when the luciferase reporter vector carrying a mutation of the
predicted binding site of miR-424 on CHK1 3= UTR region was examined in these assays
(Fig. 3G). This mutation has been previously characterized as representative of other
mutations in the miR-424 recognition sequence (25). This analysis confirms that this
region is a target of miR-424 activity and that it regulates CHK1 levels in HPV-positive
cells.

To test whether miR-424 acted in a similar manner in cells that maintained another
high-risk type, we infected HPV16-positive SiHa cells with miR-424 lentivirus expression
vectors. SiHa is an established cell line derived from a cervical cancer that contains
integrated copies of HPV16 genomes and expresses only the E6 and E7 oncoproteins.
We observed a 6-fold change for the mRNA levels of miR-424 in SiHa cells transduced
by lentiviruses expressing miR-424 compared to the levels in SiHa cells transduced with
empty vector (Fig. 4A). Similar to the experiments performed in CIN612 cells, the
reporter vector containing CHK1 3=-UTR was transfected into SiHa cells that had been
transduced with lentivirus expressing miR-424. As shown in Fig. 4B, the CHK1 3=-UTR
activities were decreased in SiHa cells with miR-424 transduction compared to the
vector control. Furthermore, the mutation of miR-424 binding site on CHK1 3= UTR
reversed the luciferase activity. Next, we examined the total CHK1, p-CHK1, and Wee1
levels in SiHa cells transduced with miR-424 expression vectors and found reductions
similar to those seen in HPV31-positive cells (Fig. 4C and D). Finally, we infected
keratinocytes that stably maintain HPV16 episomes with miR-424 lentiviral expression
vectors and observed a reduction in the levels of stable viral episomes similar to the
effects seen with HPV-31 episomes (Fig. 4E). We conclude that the suppression of
miR-424 in HPV31- or HPV16-positive cells is important for the stable maintenance of
episomes, as well as for amplification, and that this is mediated in part through control
of the DNA damage kinase CHK1.

DISCUSSION

In this study, we identified miR-424 as a critical negative regulator of both stable
HPV genome replication and amplification. The levels of miR-424 are decreased in
undifferentiated keratinocytes that stably maintain HPV31 or HPV16 episomes, as well
as in cervical cancer cell lines, compared to the levels detected in normal cells.
Although the levels of miR-424 in HPV-positive cells increase upon differentiation, they
are still substantially decreased from those seen in HFKs. Interestingly, both E6 and E7
oncoproteins act to suppress miR-424 levels with the most significant effects seen
when both proteins are coexpressed. In exfoliated cells from high-grade cervical
intraepithelial neoplasia (CIN) 2 and 3 cervical lesions, as well as from head and neck
cancer tissues, miR-424 levels have been reported to be decreased (23, 31). However,
prior to this study it was not clear whether miR-424 had any effect on the HPV life cycle
or whether its effects were manifested only in high-grade lesions. Our work demon-
strates that the suppression of miR-424 levels is important for HPV replication and that
this occurs in part through the regulation of factors in the DNA damage repair
pathways.

One downstream target of miR-424 is CHK1, a downstream effector kinase in the

FIG 3 Legend (Continued)
either vector alone or miR-424. The firefly luciferase activities were determined 48 h after transfection and
normalized to Renilla luciferase. The relative luciferase activities were normalized to the control pmiRGLO
plasmid. Each column stands for the mean value plus the standard deviation of three independent
experiments. (G) The luciferase reporter vector containing wild-type CHK1 3= UTR or a mutant CHK1 3=
UTR was transfected into CIN612 cells transduced with miR424-expressing lentiviruses. The luciferase
activities were determined as in panel F. All results are representative of observations from three
independent experiments.
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ATR DNA repair pathway. Our previous studies have shown that activation of both the
ATM and the ATR DNA damage pathways by HPV proteins is required for HPV genome
amplification (9, 10). Our data demonstrate an increase in the levels of CHK1, as well as
of p-CHK1, in HPV-positive cells, which we show is due, at least in part, to decreased

FIG 4 The suppression of miR-424 is required for HPV16 genome maintenance. (A) RT-PCR assay of
miR-424 mRNA levels in SiHa cells transduced with lentiviruses expressing the control vector or miR-424
(P � 0.03). (B) The luciferase reporter vector containing wild-type CHK1 3= UTR or a mutant CHK1 3= UTR
were transfected into SiHa cells transduced with miR424-expressing lentiviruses. The firefly luciferase
activities were determined 48 h after transfection and normalized to Renilla luciferase. The relative
luciferase activities were normalized to the control pmiRGLO plasmid. Each column stands for the mean
value plus the standard deviation of three independent experiments. (C) Western blot analysis of p-CHK1,
CHK1, and GAPDH proteins in SiHa cells transduced with the control and miR-424 lentiviruses, followed
by differentiation in high-calcium media for 96 h. (D) Western blot analysis of Wee1 and GAPDH proteins
in undifferentiated SiHa cells transduced with the control and miR-424 lentiviruses. (E) Southern blot
analysis for HPV16 episomes in the control or miR-424-expressing HPV16 cells. The total DNAs from
cells grown in monolayers were incubated with an enzyme that does not digest the HPV16 genome
(lanes U) or cuts it once (lanes C). All results are representative of observations from three independent
experiments.
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levels of miR-424. Our previous studies on the ATR/CHK1 pathway showed that
inhibition of CHK1 phosphorylation with UNC01 inhibited amplification, and similar
effects are seen with the specific p-CHK1 inhibitor AZD7762. Our data further confirm
that CHK1 inhibition results in a decrease in HPV viral amplification (Fig. 3C), indicating
that CHK1 activation is necessary for the HPV life cycle. Interestingly, the overexpression
of miR-424 reduces stable HPV genome replication in undifferentiated cells and am-
plification upon differentiation. It has been reported that inhibition of the ATR/CHK1
pathway also reduces long-term stable maintenance of HPV episomes in established
cell lines (32), and our preliminary results suggest that this is also seen with HPV31
episomes (S. Hong and L. A. Laimins, unpublished data). It is also possible that
additional targets of miR-424 besides CHK1 contribute to regulating stable HPV ge-
nome replication. This is consistent with our observation that Wee1, a kinase that
regulates G2, is also controlled by miR-424 (30). Since miRNAs target a large spectrum
of cellular genes, it is likely other miR-424 targets are also involved in regulating HPV
replication. Similarly, other miRNAs also may contribute to the regulation of CHK1
levels, and this is suggested by the finding that miR-424 is part of a family of related
miRNAs, including miR-15/16/195/497, some of which could also regulate CHK1 (26). It
is likely that HPVs regulate CHK1 through multiple pathways, and future studies will try
to underline the mechanisms of how HPV oncoproteins mediate CHK1. Taken together,
our study shows that HPV suppresses the levels of miR-424, resulting in increased levels
of CHK1 that in turn controls viral replication.

The role of miR-424 in the development of cervical cancers has not been well
studied. It is possible that miR-424 regulates other aspects besides the effects on HPV
genome amplification via modulation of the ATR DNA damage pathway. Recent studies
have shown that miR-424 also regulates BCL-2 and insulin-like growth factor 1, sug-
gesting that it has tumor suppressor activities (33). In contrast to our observations with
HPV, the levels of miR-424 are increased in EBV-positive, diffuse, large B cell lymphomas
(34). These findings suggest miR-424 may act in different ways in cancers induced by
other oncogenic viruses. Overall, our studies demonstrate that HPV proteins down-
regulate the levels of miR-424, and this is critical for HPV amplification through its
effects on DNA damage factors.

MATERIALS AND METHODS
Cell culture. HFKs and HPV genome-expressing cells were prepared as previously described (35). E6-

and E7-expressing cells were generated by retroviral infection as previously described (36). CIN612 cells
that stably maintain HPV 31 episomes are derived from a CIN II biopsy specimen. To induce differenti-
ation, HPV-positive cells were grown in keratinocyte basal medium without supplements, and 1.5 mM
CaCl2 was added for up to 96 h (35).

RT-PCR. Total small RNA populations were isolated from HPV-positive cells using the Roche miRNA
isolation kit. The products were then transcribed using an Exiqon cDNA synthesis kit. The cDNAs were
next mixed with LightCycler 480 SYBR green I master mix (Roche, Indianapolis, IN) in the presence of
RT-PCR primers, and PCR was performed using a LightCycler 480. The specific miR-424 primers were
purchased from Exiqon, Woburn, MA. The results are normalized to those for GAPDH (glyceraldehyde-
3-phosphate dehydrogenase), and the data shown is representative of observations from three inde-
pendent experiments. Significance was determined using Student t test, and a P value of �0.05 was
considered significant.

Inhibitors, antibodies, and Western blot analysis. The inhibitor (1 �M AZD7762) used in this study
was purchased from Selleckchem, Houston, TX. The antibodies used in this study were as follows:
anti-Wee1, anti-involucrin, and anti-GAPDH (Santa Cruz, Santa Cruz, CA) and anti-CHK1 and anti-p-CHK1
(Cell Signaling, Danvers, MA). For Western blot analysis, cell lysates were processed as previously
described (37). Briefly, keratinocytes were first separated from J2 feeders by Versene (phosphate-buffered
saline [PBS] containing 0.5 mM EDTA) treatment and lysed in ice-cold radioimmunoprecipitation assay
lysis buffer for 30 min. The protein samples were separated on SDS-page gels and then transferred to
polyvinylidene difluoride membranes. The membranes were then developed using ECL Prime or ECL
reagents (Amersham, Pittsburgh, PA). Chemiluminescence signals were detected using Eastman Kodak
X-ray films.

Southern blot analysis. Total DNA was exacted by phenol-chloroform, precipitated, and washed
with 70% alcohol. The products were air dried for 10 min and then dissolved in water. The DNA sample
concentrations were determined by multiple NanoDrop measurements, and equal amounts of samples
were loaded on ethidium bromide-containing gels for electrophoresis. The gels were then processed by
Southern blotting as previously described (38).
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Lentiviral virion production and transduction. plv-miR-424 lentiviral vectors were purchased from
Biosettia, San Diego, CA. Lentiviral particles expressing miR-424 were prepared as previously described
(38). CIN612 cells were incubated with 5 ml of fresh E media, including concentrated miR-424 or scramble
lentiviral soup in the presence of 4 �g of hexadimethrine bromide (Polybrene; Sigma-Aldrich, St. Louis,
MO)/ml overnight at 37°C. The next day, the transduced cells were washed once with PBS and then
cultured in fresh E medium for an additional 48 h before analysis.

Luciferase reporter assay. The sequences from the CHK1 3= UTR containing the miR-424-binding
sites were subcloned into the pmiRGLO dual-luciferase reporter vector. The vector carrying a mutation
of the predicted binding site of miR-424 on CHK1 3= UTR was a generous gift from Junfen Xu from
Zhejiang University, China (39). The miR-424 transduced cells were washed with PBS and transfected with
the pmiRGLO-CHK1 plasmid using polyethylenimine reagents. The following day, the transfected cells
were transferred to fresh E medium, followed by incubation at 37°C for 24 h. The effects of the CHK1 3=
UTR on expression were examined by luciferase reporter assays by comparing the transduced cells to the
control cells. The luciferase activity was measured using the Dual-Luciferase reporter assay system
(Promega, Madison, WI), with Renilla luciferase as an internal control according to the manufacturer’s
instructions. Significance was determined using a Student t test.
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